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The concept of EMT
































































































































































Cellular aspects of EMT. (i) Normal epithelial cells contain adherens junctions composed of E-cadherin together with catenins and actin rings. 
Tight junctions are associated with apical polarity complexes, while integrins interact with components of the basal membrane. (ii) Loss of cell-cell 
adhesion. EMT inducers repress the transcription of the genes encoding the components of both adherens and tight junctions, inducing the loss 
of cell polarity. E-cadherin is internalized and targeted for degradation. (iii) Breakdown of the basal membrane and apical constriction. Profound 
cytoskeletal remodeling will favor cell delamination by inducing apical constriction and disorganization of the basal membrane. (iv) Cell delami-
nation and invasion. Expression of integrin receptors and continued activation of metalloproteases favors migration through the extracellular 
matrix and invasion of adjacent tissues.
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The formation of embryonic layers at gastru-
lation in amniotes. Schematic representation 
of chick embryos as representative of amni-
otes (birds, reptiles, and mammals). Dorsal 
views and transverse sections taken at the 
level of the dotted lines. (A) The embryonic 
layers are defined during gastrulation. Meso-
dermal (green) and endodermal cells (pink) 
are internalized at the primitive streak through 
a process of EMT, while ectodermal cells 
remain epithelial (yellow). (B) The mesoder-
mal cells condense to form various deriva-
tives (blue) along the medio-lateral axis of 
the embryo. The axial mesoderm gives rise 
to the notochord; paraxial mesoderm epithe-
lializes through a process of MET to form the 
somites; the intermediate mesoderm will later 
form the urogenital system; and the lateral 
mesoderm condenses to form somatopleure 
and splanchnopleure. The ectodermal cells 
contribute to the neural tube or the epidermis. 
The endoderm is shown in pink.
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Primary EMTs give rise to progenitors of many organs and tissues. (A) Epiblast cells that internalize at gastrulation give rise to different mesodermal 
and endodermal populations from which a variety of cell types form. Embryonic cells undergoing EMT are shown in green. Pt, platelets; B, T, and 
NK, lymphocytes; G, granulocytes; M, macrophages. (B) In turn, the neural crest delaminates from the dorsal neural tube and will generate neurons 
of the peripheral nervous system, glial and satellite cells, pigment cells, odontoblasts, and the craniofacial cartilage, as well as other cell types.
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EMT processes during vertebrate embryonic development
Process	 Epithelium		 Newly	formed		 Derivatives	 Refs.	
	 of	origin	 mesenchymal	tissue
Primary	EMT
Gastrulation  Epiblast Axial mesoderm Embryonic notochord 105 
(EMT at the  
primitive streak)
  Paraxial mesoderm (somites) Skeletal muscles, bones, tendons, satellite cells,  
    components of vertebrae and ribs, vertebral arteries
  Intermediate mesoderm Urogenital system
  Lateral plate mesoderm Cardiac cells, mesenteries, and peritoneal cells, conjunctive  
    tissue of the body wall, blood vessels, HSCs
  Endoderm Digestive and respiratory tract
Neural crest  Dorsal  Neural crest mesenchyme Neurons of peripheral nervous system; glial cells;  106 
formation neural tube   pigment cells; endocrine cells of the adrenal medulla  
    and C cells of the thyroid; facial cartilage and bone;  
    odontoblasts; dermis; connective tissue of cranial  
    muscles and salivary, lachrymal, thymus, thyroid, and  
    pituitary glands; meninges of the forebrain; smooth muscle  
    and adipose tissue of skin, head, and neck; VSMCs
Secondary	EMT
Somite  Ventral half  Sclerotome Neural arches, ribs, syndetome, vertebral body,  107 
decondensation of the somite   intervertebral discs, endothelial cells, tendons,  
    meninges of the spinal cord, blood vessels, vertebral  
    joints, perineurium, endoneurium
 Dorsal part  Myotome Satellite cells, smooth muscle 108 
 of the somite
Lateral plate  Somatopleure Mesenchymal cells Connective tissues of limbs, body wall muscles 109 
mesoderm
 Splanchnopleure Angioblasts Blood vessels 110
  HSCs Blood cells 111
  Endocardial progenitors Heart cells
  Somatic cells of the gonad Sertoli cells 112
Secondary palate Palatal shelf Palatal mesenchymal cells Palatal closure 113
Pancreas Pancreatic bud Endocrine cells Endocrine cells of Langerhans islets 14
Liver Liver diverticulum Hepatoblast Hepatocytes 15
Tertiary	EMT
Cardiac valve  Cardiac endothelium Cardiac cushions Cardiac valves 114 
formation
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Similar signaling pathways control the EMTs at gastrulation and neural crest delamination in the amniote embryo. Signaling molecules of the 
TFG-β superfamily (Nodal, Vg1, and BMPs), together with Wnt and FGF, initiate the formation of the primitive streak and operate at the neural 
folds to drive the ingression of the mesendoderm and the delamination of the neural crest, respectively. Some downstream targets are also 
conserved, such as the Snail genes. While Snail factors are key regulators of the EMT program during gastrulation, the coordinated induction of 
several transcription factors is required to control the robust program of neural crest delamination. EPB4L5, FERM and actin-binding domain–
containing band 4.1 superfamily member; p38IP, p38-interacting protein; Rho, members of the Rho family of small GTPases.
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Regulation of the cadherin proteins. A crucial step in neural crest 
delamination  is  the  transition  from a phenotype of  tightly 







EMTs in development and disease. EMTs (cells in green) occur during normal embryonic development, such as during neural crest cell delami-
nation from the dorsal neural tube and mesendoderm ingression from the primitive streak. While EMT inducers are usually maintained in a silent 
state in the adult, they are reactivated during organ fibrosis and at the invasive front of human carcinomas during tumor progression.
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The neural crest and human congenital malformations
Gene	 Disease		 Disease	characteristics	 Refs.
AP2 (TFAP2A)  Branchiooculofacial  Low birth weight, retarded postnatal growth, bilateral branchial cleft sinuses,  115 
  syndrome (BOFS)  congenital strabismus, obstructed nasolacrimal ducts, broad nasal bridge,  
   protruding upper lip, carp mouth; occasionally coloboma, microphthalmia,  
   auricular pits, lip pits, highly arched palate, dental anomalies, subcutaneous  
   cysts of the scalp
FLI1  Paris-Trousseau type Mental retardation, facial dysmorphism, clinodactyly, pyloric stenosis,  116 
  thrombocytopenia  thrombocytopenia 
  (homozygous deletion of FLI1)
FOXD3 Vitiligo Autosomal dominant vitiligo 117
PAX3  Waardenburg-Shah  Dystopia canthorum, and type 3 also includes contractures or hypoplasia of  118 
  syndrome types 1 and 3  upper-limb joints and muscles
 Tumors Rhabdomyosarcoma, tumors of ncc origin including melanoma and neuroblastoma 118
ZEB2 (SIP1,  Mowat-Wilson syndrome  HSCR associated with microcephaly, mental retardation, hypertelorism,  119 
ZFHX1B, 	   submucous cleft palate, short stature  
SMADIP1)
Snail2 Waardenburg-Shah syndrome 2 Defects in melanocytes, also seen with Mitf mutation 120
 Piebaldism (non-Kit-related) Congenital white forelock, scattered normal pigmented and hyperpigmented  120 
   macules, triangular shaped depigmentation patch on forehead; caused by  
   heterozygous deletion of Snail2
SOX9 Campomelic dysplasia Congenital skeletal malformation syndrome, includes cleft palate, low-set ears,  121 
   loss of the 12th pair of ribs, abnormal pelvic bones, small chest and hip  
   dislocations; may include absence of the olfactory bulbs, renal and/or cardiac  
   defects, and XY sex reversal with genital malformations; frequently associated  
   with conductive and sensorineural hearing loss
SOX10 haplo-  HSCR  Failure of enteric ganglia to populate the distal colon 122 
insufficiency
 Waardenburg-Shah syndrome 4 Deafness/pigmentation defect in addition to HSCR; also seen in EDN3  122 
   and EDNRB mutants
TBX1 DiGeorge syndrome Cardiac outflow tract anomalies, absence or hypoplasia of the thymus and  123 
   parathyroid glands, nasal voice (often associated with cleft palate or submucosal  
   cleft palate), and facial dysmorphism, known as conotruncal anomaly face
TGFBR1	 LDS1A; LDS2A; non-FBN1-related  LDS1 and -2 are clinically indistinguishable autosomal dominant aortic aneurysm  124 
  Marfan syndrome  syndromes characterized by arterial tortuosity and aneurysms, hypertelorism,  
   and bifid uvula or cleft palate; type 1 category has craniofacial involvement  
   consisting of cleft palate, craniosynostosis, or hypertelorism. Type 2 category  
TGFBR2 LDS type 1B and 2B; non-FBN1-  had no evidence of these traits, but some patients had a bifid uvula. Marfan  
  related Marfan syndrome  syndrome shows striking pleiotropism and clinical variability. The cardinal  
   features occur in 3 systems: skeletal, ocular, and cardiovascular; a highly  
   arched palate with crowding of the teeth is a frequent skeletal feature.
Treacle Treacher-Collins syndrome Antimongoloid slant of the eyes, coloboma of the lid, micrognathia, microtia and  125 
   other ear deformities, hypoplastic zygomatic arches and macrostomia; often  
   conductive hearing loss and cleft palate
Twist Saethre-Chotzen syndrome Craniosyntosis, limb deformities, and dysmorphic facial features including  126, 127 
   facial asymmetry
AP2, transcription factor AP-2a; EDN3, endothelin 3; EDNRB, endothelin receptor type B; FBN1, fibrillin-1; FLI1, Friend leukemia virus integration 1; 
HSCR, Hirschsprung disease; LDS, Loeys-Dietz syndrome; Mitf, microphthalmia-associated transcription factor; ncc, neural crest cell; PAX3, paired box 3; 
SIP1, Smad interacting protein 1; SMADIP1, Smad interacting protein 1; TBX1, T-box 1; TGFBR, TGF-β receptor; ZEB2, zinc finger E-box binding protein 
2; ZFHX1B, zinc finger homeobox 1b.
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